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OPTIMIZING SWAP FOR DIRECTED ENERGY – DETECTION OF
BURIED CONDUCTORS WITH LOW-ENERGY HIGH-VOLTAGE PULSES
By
Jon Cameron Pouncey
B.S., Electrical Engineering, Florida State University, 2003
ABSTRACT
High-voltage directed energy systems have shown promise in the role of neutralizing
improvised explosive devices (IEDs) in various experiments over the last decade. While
these systems can be very effective with significant benefits over conventional counterIED techniques, the excessive space, weight, and prime power (SWaP) requirements
create significant challenges in developing deployable systems. One promising
technique for dramatically reducing the SWaP requirement for certain types of directed
energy counter-IED systems is the separation of the pulsed-power circuits into high
voltage and high energy subsystems. In this technique, termed low average power highvoltage energy (LP-HVE) a repetitive low-energy, high-voltage pulse subsystem serves as
a probe and a high-energy, low-voltage system is used to inject energy only when a
potential target is detected though the action of the high-voltage subsystem. By
minimizing the energy of the high-voltage subsystem, the prime power requirement can
be significantly reduced. Also, due to the generally poor energy density of high-voltage
energy storage, a reduction in energy stored at high voltages leads to a significant
reduction in system size and weight. Developing a successful system that implements
this technique is contingent on an understanding of the interaction of low-energy, highvoltage pulses with buried conductors. My research has explored the effects of variation
in pulse parameters and soil conditions on the interaction of these pulses with buried
conductors under well-controlled conditions in an attempt to gain insight into the
processes at work and to guide further development of this technique.
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CHAPTER 1
INTRODUCTION
1.1 Concept
Counter-IED systems employing repetitive high voltage pulses, commonly referred to
under the blanket terminology of high voltage energy (HVE), have been under
development for many years [1] [2] [3]. The fundamental idea behind the LP-HVE
concept is the theory that the high voltage pulse that initiates breakdown to a buried
conductor can be delivered at a much lower energy than would be required to
guarantee the desired effect on the target device. Furthermore, given a suitable system
to detect when breakdown has occurred, it should be possible to deliver a high energy
pulse through the breakdown channels to the target. Because the high voltage pulse
source must operate repetitively in order to ensure coverage of the area in front of a
moving platform, a reduction in the energy-per-pulse results in a significant reduction in
prime power requirements.

1.2 Research Questions
There are two primary research questions associated with determining the feasibility of
an LP-HVE system. The first is investigating the effect of changes in the parameters of
the high-voltage, short-duration pulses to the ability to successfully initiate electrical
breakdown to a buried insulated conductor. The second is determining the best way to
implement a detection system that is capable of reliably detecting the breakdown event
with sufficient speed and accuracy to be useful.
1.2.1 Pulse Parameter Effects
The LP-HVE concept relies on high voltage, short duration pulses delivered by emitter
electrodes in contact with the ground surface to create electrical contact with a buried
conductor via a process of dielectric breakdown through the intervening soil and
conductor insulation (if any). This has been shown to be an effective process, but the
1

experiments and tests conducted thus far have only explored a very limited range of
pulse parameters. Because of the lack of data, it is not possible to design a system to
have pulse parameters outside of the range of previously tested systems and have any
confidence that it will exhibit acceptable effectiveness. Previously tested systems have
had pulse voltages between 200 and 300 kV and pulse energies between 70 and 100
Joules. From a system engineering standpoint, it is desirable to minimize both of these
quantities. For a repetitively pulsed system, the prime power required can be estimated
by the following:
𝑃𝑃𝑟𝑖𝑚𝑒 =

𝑊𝑃𝑢𝑙𝑠𝑒 × 𝑃𝑅𝐹
𝜂

(1)

Where WPulse is the stored energy per pulse, PRF is the pulse repetition frequency, and η
is the total system efficiency for the transfer of energy from the prime power source to
the energy storage components. Since it is necessary to apply at least one pulse to each
point on the ground for the system to be effective, the PRF is directly proportional to
the speed at which the system is traversing the ground. Thus, this parameter is often
fixed by system requirements. Given a fixed PRF, it can be seen that either an increase in
efficiency or a reduction in pulse energy will result in reductions in prime power. While
improvements in efficiency are possible, they are generally very small and very
expensive as the technology for low-voltage energy transfer is mature. This leaves
reduction in pulse energy as the only option to create significant reductions in prime
power requirements. The biggest effect that reducing the energy has on the pulse is
that, for a fixed output voltage and load impedance, pulse duration is proportional to
energy. This has a significant impact on the ability of the pulse to initiate breakdown to
a buried conductor because there is a finite delay associated with the breakdown
process. This delay has been shown to be a strong function of applied electric field and
soil properties [4] [5]. Since the applied field is, on average, the ratio of pulse voltage to
the distance from emitter to conductor (i.e. burial depth) the reduction of pulse
duration resulting from a reduction of energy will likely reduce the range of conductor
depths over which the system is effective. Increasing the voltage in order to increase the
2

field and recover the effectiveness is complicated by the fact that pulse energy goes as
the square of voltage. In order to maintain a fixed energy as voltage is increased by
some amount “x”, the capacitance of the pulse system (in this case, a Marx generator)
must be reduced by 1/x2, and it is the capacitance that determines the pulse width into
a given impedance. Thus, the pulse duration into a given impedance will decrease
rapidly as voltage is increased at a fixed pulse energy. Whether this trade-off improves
or degrades performance is determined by the nature of the relationship between the
applied field and the breakdown delay. Because of the large number of factors
influencing this delay and the pulse duration of the Marx generator, only
experimentation in a realistic configuration and environment is able to provide
definitive information on the effects of altering the pulse parameters from those that
have been previously shown to be effective.
1.2.2 Detection
Devising a method to detect when the high voltage pulse has caused a breakdown to a
buried conductor is the second area of research necessary to facilitate implementation
of the LP-HVE concept. The detection method must be fast so as to be capable of
providing a trigger for the activation of the high-energy sub-system within the time that
electrical contact with the target is maintained. The detection method must also be
robust against potential sources of interference and false positives. Finally, detection
must be derived from quantities that are measureable in real time on the operating
system.

The fundamental principle of the detection process is that there will be a difference in
the various measureable quantities between a discharge that does not initiate
breakdown to a conductor and one that does. This difference is assumed to exist based
on the assumption that the total load impedance seen by the Marx will be significantly
different between the two cases. It is assumed that the target consists of a conductor of
negligible impedance and that the discharge channels which form between the emitters
3

and the target are also of very low impedance. The impedance seen by the Marx when
no target is present is the parallel combination of the Marx internal shunt impedance
and the impedance of the ground between the emitters. This is assumed to be relatively
high. Thus, the impedance seen by the Marx during a target hit discharge will be
significantly less than the impedance seen when there is no target hit. This difference in
load impedance will result in significant differences in the measureable quantities of the
circuit.

The implementation of a detection method requires determining which of the
measurable quantity(s), if any, provide the best signal given the requirements that the
detection must be fast and robust. The method of measuring the chosen quantity must
also be determined with consideration given to measurement accuracy and ease of
implementation.

1.3 Experiments
The experiments discussed in this manuscript provide a systematic exploration of the
effects of various parameters on the ability of a high voltage, low energy pulse to initiate
breakdown to a buried conductor from electrodes in contact with the soil surface. Some
of the parameters explored are pulse voltage, pulse generator stored energy, pulse
polarity, target depth, target insulation, soil type, and soil moisture content.
Observations of the measured signals during the breakdown effectiveness experiments
have been used to develop concepts for a detection system.

4

CHAPTER 2
EXPERIMENTAL METHODOLOGY
2.1 Experimental Apparatus
A specialized laboratory apparatus has been developed in order to perform the
experiments. The setup is shown in Figure 1. The primary subsystems of the setup are
the reconfigurable Marx generator, a soil box and target fixture, and an array of
instrumentation and data collection equipment. The following sections describe these
subsystems in detail.

Figure 1 – Photograph of the experimental setup

2.1.1 Reconfigurable Marx Generator
The reconfigurable Marx generator provides the high voltage pulses necessary for
conducting the breakdown experiments. It has been engineered to enable a wide range
of output voltages and stored energy configurations to be tested quickly. The Marx,
5

shown in Figure 2, can be configured with up to 12 stages and six ceramic disc capacitors
per stage. When referring to the configuration of the Marx for a particular shot, the
notation <number of stages>s<number of capacitors per stage>c will be used. For
example, the configuration shown in Figure 2 with 12 stages and 6 capacitors per stage
is referred to as the 12s6c configuration. It is also possible it configure the stages as
either normal stages with all capacitors in parallel, or pulse forming network (PFN)
stages with inductors inserted between the capacitors in each stage. The maximum
charge voltage for the Marx is 26 kV, giving a nominal output voltage of 312 kV and a
stored energy of 13.6 J in the maximum configuration. As an example of the variations
possible, Figure 3 provides plots of the stored energy and nominal output voltage of the
Marx as a function of charge voltage various numbers of stages with 6 capacitors per
stage. From this plot, it can be seen that due to the quadratic relationship between
charge voltage and stored energy, the energy for a given nominal output voltage goes
up as the number of stages decreases. Conversely, for a fixed energy, the output voltage
goes down with a decreasing number of stages.

Figure 2 – Photograph of the reconfigurable Marx generator shown
in the 12-stage, 6 capacitor per stage configuration (12s6c). High
voltage output is on the left and charging input on the right. Copper
spheres suppress corona from upper stages.
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Figure 3 – Plot of stored energy and nominal output voltage for
different numbers of stages in the reconfigurable Marx generator as
a function of charge voltage. These curves are all for 6 capacitor per
stage configurations.

2.1.2 Soil Box and Target Fixture
The wire breakdown experiments were conducted with soil placed in a large
polyethylene box with an internal volume of 0.39 m3 (approx. 98 x 65 x 57 cm). This box
was selected to be as large as possible given the confines of the available space and
ingress/egress from the laboratory. The soil box contains the soil used to bury the
target wire and provides electrical isolation of the soil and the target wire from the
environment. It also supports the target wire and facilitates the use of a new section of
wire for each shot while permitting the connection of the target current loop for use in
determining the current flow through the target wire. Figure 4 shows the soil box in the
“ready to fire” configuration with the target wire, emitters, and connectors in place.

7

Figure 4 – Photograph of soil box in "ready to fire" condition with
target wire and emitters in place.

2.1.2.1 Box Selection and Simulation
Selecting a large box minimizes the impact of the finite volume of soil in comparison to
the real-world case where the soil is basically infinite in extent. Simulations were
performed in CST and Coulomb – electrostatic field solvers – to determine the
difference in conduction current and electric field distribution between the volume of
soil in the box and a semi-infinite case (represented by a soil cube 3 m per side).
Through these simulations, it was shown that the use of the box results in a negligible
change in the electric field distribution in the high-field regions where the discharge will
occur. It does result in an approximately 10% increase in the apparent resistance
between the emitters due to the reduced volume for the current to flow. Figure 5 and
Figure 6 show the results of the electric field simulations.
8

Figure 5 – Simulation result of electric field contours in soil box with
high-moisture content soil (conductivity = 0.01 S/m).

Figure 6 – Simulation result of electric field contours in a semiinfinite extent of high-moisture soil (conductivity = 0.01 S/m). Note
that the field distribution is not significantly different between this
case and the case of the smaller volume shown above.

2.1.2.2 Target Wire Fixture
To enable the use of a new section of target wire for each shot without having to dig up
the wire after each shot, cable glands are installed in the side walls of the box as shown
in Figure 7. The unused wire is stored on a spool mounted on the exterior of the lefthand side of the box and is fed through the appropriate gland for the desired test depth.
9

The wire exits the box through the glands on the right-hand side and is collected on a
used-wire spool. The target wire current loop connects to the target wire immediately
outside of the box using insulation-piercing test clips as shown in Figure 8. The target
current loop consists of a length of high voltage silicon insulated wire that wraps around
the outside of the soil box from one side to the other. In between, it passes through the
target current loop current monitor described in section 2.1.3.1. When breakdown
occurs between the emitters and the target wire, a current will flow in the section of
target wire between the breakdown points. Because this section of wire has some finite
impedance, some current will also flow in the parallel path created by the target current
loop. The ratio of the total current to the target loop current is determined by the ratio
of the distance directly between the breakdown points and the distance between these
points going around the target current loop. It can be shown from circuit theory that:
𝐼𝑇𝑜𝑡𝑎𝑙 = 𝐼𝐿𝑜𝑜𝑝 (1 +

𝐷𝐿𝑜𝑜𝑝
𝐷𝐸−𝐸

)

(2)

Where ITotal is the total discharge current, ILoop is the current in the target current loop,
DE-E is the distance between the emitters, and DLoop is the distance around the target
current loop. The definition of DE-E assumes that the breakdown to the target wire
occurs directly under the emitters. This assumption was validated through the
observation that the visible breakdown locations on the target wires were always
separated by a distance equal to the emitter spacing to within a few centimeters. For
the geometry used in these experiments, the ratio of emitter current to target loop
current should be approximately 6.5 to 1. By verifying that a current pulse observed in
the emitter current is also present in the target current loop signal at the correct
magnitude ratio provides evidence that the discharge current did flow through the
target wire and not through some other path. This information is used to validate
whether a shot was a hit or not.
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Figure 7 – Photograph of the empty soil box showing the cable glands
that hold and seal the target wire while permitting a new wire to be
used for each shot.

Figure 8 – Photograph of the target wire current loop connection clip
on the right-hand side of the soil box. The clip pierces the insulation
of the target wire to provide electrical connection. Left-hand side
connection is identical.
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During initial testing with a target wire in the dry sand, it was discovered that the target
wire would “float” upward through the sand, rising slightly each time the wire was
pulled through for the next shot. The result was that the wire was closer to the surface
by approximately 1.5 cm after several shots. Given that the most shallow wire depth
tested was only 5 cm, this presented an unacceptable deviation in the test parameters.
The initial solution was to simply add more sand to the box, and establish a procedure in
which approximately 15 ft of wire would be pulled through the box whenever a new
spool of wire was installed before beginning data collection shots. This method
maintained the wire depth within plus or minus 10 percent of the target depth and was
deemed acceptable for testing. This system was used for shots up to number 361. At
that time, it was decided that better repeatability of the target depth could be achieved
by using an anchor system. The anchor is shown in Figure 10. The anchor consists of a
thin (1/8 inch) plastic plate approximately 4 by 6 inches with a plastic eye-bolt mounted
in it. The employment of the anchor is shown in Figure 9. When a new spool of target
wire is installed in the soil box, the anchor is placed such that the wire, when stretched
taunt, passes through the eye-bolt just barely making contact with the top of the eyebolt hole. The wire is then buried in the usual fashion and the weight of the sand on top
of the anchor plate serves to prevent the wire from rising through the sand whenever it
is fed through the box. Simulations of the effect of the presence of the anchor plate on
the electric field and current distributions in the box show insignificant perturbation in
the region between the emitters and the target wire.

12

Figure 9 – Photograph of the soil box with dry sand, target wire, and
wire anchor visible. The wire anchor prevents the wire from rising
through the sand when it is fed through the box. In this photo, the
wire is set at the 10 cm depth.

Figure 10 – Close-up photograph of wire anchor partially buried in
the sand.
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2.1.2.3 Emitters
The emitters are the electrodes that deliver the high voltage pulse to the soil surface.
For these experiments, the emitter design shown in Figure 11 was employed. The
emitters consist of an acetal polymer block 12 inches long by 3 inches wide by 1 inch
thick with a stainless steel strip mounted flush in the bottom. The strip is 10 inches long
by 1 inch wide by 0.050 inches thick and the ends are finished with full radius. A
threaded stud is welded to the center of the strip and passes through a hole in the
acetal block to provide a connection point for the leads from the Marx generator. The
strip is epoxied into the bottom of the block. Plastic threaded studs are located at each
end of the block and are used to secure two lead discs, weighing 1.25 pounds each, to
the top of the acetal block. These discs provide extra mass to the emitter to help ensure
good contact with the soil surface.

Figure 11 – Computer rendering of a section view of an emitter block.
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2.1.3 Instrumentation and Data Collection
An integrated system was developed to facilitate control and data collection for these
experiments. This system consists of various sensors, measurement instruments,
interface devices, and a personal-computer based control and data collection
application.
2.1.3.1 Pulse Measurement Sensors
Three different commercially available sensors were used to measure the electrical
parameters of the pulses delivered by the reconfigurable Marx generator. The first
sensor is a current viewing resistor (CVR) manufactured by T&M Research – model 1MT10. This device is a precision resistor that is placed in series with the current path from
the return emitter to the Marx generator. The current flowing through this resistor
creates a voltage signal proportional to the emitter current. This device differs from an
ordinary resistor in that great care has been taken in its construction to minimize the
inductance so that the output can respond to rapidly changing currents. This particular
device has a resistance of approximately 0.05 Ω and a rated rise time of 0.3
nanoseconds. The high speed and relative noise immunity of this type of device were
the primary reasons for using it in this application. A photograph of the CVR is provided
in Figure 12.

15

Figure 12 – Photograph of current view resistor used to measure the
current from the return emitter. Return current connection on left
and signal connection on right. Current returns to the Marx via
copper sheet under the CVR.

The second sensor is a current monitor (also commonly referred to as a current viewing
transformer) manufactured by Pearson Electronics – model 6585. This device is a type of
transformer that detects a pulsed or AC current in a conductor placed through the
central hole in the device. The current-carrying wire produces a magnetic field, which in
turn induces a current in the windings inside the current monitor. This current is
integrated in the monitor to produce a voltage signal which is proportional to the
current in the wire. This sensor is used to measure the current in the target current
loop. This type of sensor was chosen for this application instead of a CVR because the
target current loop floats with respect to the laboratory ground. Because the current
monitor senses the current via a magnetic field, the monitor can be insulated from the
circuit being measured. The particular current monitor used for these experiments is
shown in Figure 13. This device produces an output of 1 volt per ampere of current and
has a rated rise time of 1.5 nanoseconds.
16

Figure 13 – Photograph of the current monitor used to measure the
current in the target current loop. Current flows in black high voltage
wire. The white plastic cylinder provides additional insulation
between the grounded sensor and the HV wire.

The final sensor used for measurement of the pulse parameters is the voltage probe
manufactured by North Star High Voltage – model VD-200. This is a very high voltage
probe that provides a division ratio of 10000:1 for the voltage connected to the top
terminal. This probe combines resistive and capacitive elements to provide a constant
voltage division ratio from DC to approximately 16 MHz giving a rise time of
approximately 22 nanoseconds. The relatively slow rise time is due to the large physical
size of the probe necessitated by the very high voltages involved. This type of probe was
chosen to measure the voltage due to its reliable performance and low noise. An image
of the probe is provided as Figure 14.

17

Figure 14 – Photograph of voltage probe used to measure the pulse
voltage at the high voltage emitter. Wire connected to the top is the
lead to the emitter. Signal connection is made at the base. The base
is also connected to the lab earth ground.
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2.1.3.2 Measurement Instruments
Two measurement instruments were used to collect data for these experiments. The
primary instrument used for electrical measurements was the Tektronix model TDS
3054C digital oscilloscope shown in Figure 15. This is a 500 MHz bandwidth, 5 gigasample per second, 4-channel oscilloscope. It is interfaced with the control and data
acquisition application via the laboratory local area network (LAN). The oscilloscope is
housed in a copper and brass Faraday cage to prevent the electromagnetic energy
radiated by the Marx generator when it fires from coupling into the measurement
signals. The power for the oscilloscope is filtered by a 4-pole line filter that is integrated
into the Faraday cage. Connections between the oscilloscope and sensors consist of RG223 double-shielded 50 Ω coaxial cables. The shields of these cables are bonded to the
Faraday cage where they enter. Prior to conducting any measurements with the cables,
measurements were made to ensure that the individual cables all exhibited the same
propagation delay and response to a square pulse. The levels of the signals from the
CVR and current monitor are high enough in magnitude to overdrive the input of the
oscilloscope, so 20 dB (10x voltage) 50 Ω attenuators are employed for those signals.
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Figure 15 – Photograph of oscilloscope used to collect voltage and
current data for each shot. Scope is housed in copper Faraday cage to
prevent electromagnetic interference caused by discharge of the
Marx generator from distorting measurements.

The ambient conditions of the laboratory can influence the electrical breakdown
processes that are being tested as part of this experiment. As such, these parameters
are measured by an electronic ambient condition sensor manufactured by Comet
Systems – model T7310. This device measures the temperature, relative humidity, and
atmospheric pressure in the laboratory. The current values are transmitted to the
control and data collection application and are stored as part of the data file for each
shot. This instrument was used beginning with shot number 890. For shots prior to that,
the temperature and atmospheric pressure data was obtained from the digital pressure
gauge that is part of the Marx generator spark gap gas system. Humidity data was not
recorded for those shots. However, humidity data for the Albuquerque area has been
obtained for the times and dates of the earlier shots and this, along with the measured
temperature, was used to compute the relative humidity in the lab during the earlier
experiments.
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Figure 16 – Photograph of the ambient condition sensor. This device
measures temperature, humidity, and atmospheric pressure in the
laboratory and transmits the data to the control and data collection
application.

2.1.3.3 Marx Generator Control Interface
Charging and triggering of the reconfigurable Marx generator is accomplished via an
interface system that provides control signals for the high voltage power supplies,
trigger generator, and spark gap gas system. The high voltage power supplies that
charge the Marx generator are controlled through an interface device manufactured by
the LabJack Corporation. The T7 data acquisition device provides an interface with
digital and analog inputs and outputs that can be accessed over both USB and Ethernet
TCP/IP interfaces. This device is interfaced with the high voltage power supplies and
their associated relays through a custom-designed interface card. This interface also
provides the optical signal that is used to activate the trigger driver for the Marx
generator. The T7 data acquisition device is connected to the laboratory LAN.
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The second part of the Marx generator control system is the spark gap gas system. This
system provides the ability to regulate and monitor the gas pressure in the spark gaps of
the Marx generator, and thus the ability to control the breakdown voltage of the gaps.
This is necessary due to the wide voltage range over which the Marx generator must
operate. The gas system consists of a Proportion-Air QB3 electronic pressure regulator,
an Omega DPG4000 digital absolute pressure gauge, and a NetBurner SB72EX dual serial
to Ethernet interface. The electronic pressure regulator receives nitrogen gas from a gas
cylinder via a manual pre-regulator. The electronic regulator delivers the nitrogen to the
spark gap assembly of the Marx generator via a flexible tube. The digital pressure gauge
is used to monitor the absolute pressure of the nitrogen gas in the system and transmit
that information to the control and data collection application. The serial to Ethernet
interface facilitates the connection of these two serial communication devices to the
laboratory LAN.
2.1.3.4 Control and Data Collection Application
Control of the Marx generator and measurement instruments, as well as data collection
and recording is accomplished using a personal computer running a custom application
developed in the LabVIEW programming environment. This application communicates
with the Marx generator control interface and oscilloscope through an Ethernet-based
LAN. It also collects data from the ambient condition sensor via a serial connection. The
application front panel, shown in Figure 17, includes controls that allow the operator to
manually control and monitor the output of the high voltage power supplies as well as
initiating an automatic charging sequence. The front panel also includes controls for the
spark gap gas regulator with monitoring of the spark gap pressure. A data collection and
review sub-panel provides controls to allow the operator to download the waveform
data from the oscilloscope as well as the data from the ambient condition sensor. This
sub-panel also includes controls for inputting the relevant parameters for the
experimental setup that cannot be sensed directly as well as text comments. All of the
data is presented for review within the sub-panel. Finally, the application provides the
ability to save a data record for each shot that includes all of the information
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accumulated through the data collection sub-panel. This record is a text file specifically
formatted for this experiment. An example data file is provided as Appendix A.
Additional LabVIEW applications have been developed to read and interact with these
files.

Figure 17 – Image of the LabVIEW interface for the LP-HVE laboratory
experimental setup. The upper panel controls the Marx generator
charging and triggering. The lower-left panel controls the spark gap
gas pressure for the Marx. The lower right panel controls data
collection and creation of the shot record files.
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2.2 Experimental Variables
2.2.1 Soils
Two different types of soil were tested. The first type is a commercially available sand
that is normally used as aggregate in concrete mixes. The second material is a locallysourced sand, silt, and clay mixture that is intended for use in manufacturing adobe
bricks for traditional adobe construction.
2.2.1.1 Sand
A photograph of a sample of the sand used in the initial experiments is shown in Figure
18. This material is sold under the Quikrete brand name with part number 1961. This
material is crushed silica sand that has been washed to remove the fines and soluble
contaminants, then kiln dried and screened so that the grains are predominantly in the
0.2 to 0.6 mm size range. The moisture content of this material is zero. The conductivity
is lower than the measurement limit of the soil resistivity meter - 25 μS/m. The density
of the sand is approximately 1.5 g/cm3. Filling the soil box required approximately 550
kg of sand. This material was selected for the initial experiments because it is a uniform,
consistent, simple material that can be easily obtained.
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Figure 18 – Photograph of the sand used in experiments with cm
scale.

Tests were performed on the dry sand to determine how moisture content would affect
its conductivity. From these tests, it was determined that the sand would not support a
sufficient moisture content to allow for the conductivity to be tested at the desired
levels. It was found that moisture levels above approximately 5 percent by weight in the
sand would result in drainage of the water from the sand. At 5 percent water, the sand
had a conductivity of approximately 6x10-4 S/m, which was considered to be too low for
the desired experiments. It was also noted that the sand lost moisture to evaporation at
a rate that would make conducting experiments in the test setup very difficult. These
results lead to the search for a soil that would be more conductive at lower moisture
levels as well as better able to retain moisture when exposed to the air during
experiments.
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2.2.1.2 Adobe Soil
The material selected for experimenting at higher soil conductivity levels is normally
used for the fabrication of adobe bricks by the New Mexico Earth Adobes company in
Albuquerque, New Mexico. Figure 21 is a photograph of a sample of the material in a
dried state. This material is a mixture of sand, silt, and clay obtained from an open pit
mine in the Algodones, NM area. This material was selected because the silt and clay
content ensures that it will retain moisture well and exhibit a relatively high conductivity
with relatively low moisture contents. Furthermore, this material has been thoroughly
characterized by the civil engineering department of UNM as part of their work on
sustainable building materials. The properties of the adobe soil as determined by the
Nicole Trujillo [6] of the UNM civil engineering department are presented in Appendix B.
As delivered, the material contained rocks up to 3/8 inch in diameter. It was decided
that the rocks created a non-uniformity that would be detrimental to the repeatability
of the experiments, so the material was sifted through screens with 1/16 inch openings
to remove the rocks. The dry density of the remaining material is approximately 1.4
g/cm3.

26

Figure 19 – Photograph of adobe soil used in experiments with cm
scale. The material in this photo has been dried. Note that the
majority of the larger particles are not solid but are clumps formed
during drying.

Testing was conducted to determine the relationship between the moisture content and
conductivity of this material. The resulting data is plotted in Figure 20 along with a linear
regression trend line. While the data seems to fit this trend well in the region of
interest, at some small value of moisture content the trend must deviate from linear
since a negative conductivity is not physical.
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Figure 20 – Plot of the conductivity of the adobe soil as a function of
moisture content. The data points are shown, where applicable, with
error bars representing the spread of the values obtained for those
moisture contents. A linear trend line fits the data relatively well in
the region of interest.

For the purposes of this project, the soil moisture levels were calculated as wet
gravimetric moisture – i.e. the percentage given represents the percentage of the wet
soil weight that is water. All moisture content measurements were performed in
accordance with the ASTM standard D4643 – Microwave Method of Drying Soils [7]. This
involves weighing a sample of the soil, drying it until the weight stabilizes, and then
calculating the moisture based on the loss in weight. In order to perform experiments at
a known moisture content, the soil was first dried to less than three percent moisture.
The moisture content was then adjusted up to the desired level in batches by adding
water to the soil in a cement mixer. By misting the water into the soil as it was spinning
in the mixer, a uniform distribution of water was achieved without causing the soil to
clump. Figure 21 is a photograph of the water adding process.
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Figure 21 – Adding water to the adobe soil. The mixer drum is
rotating. Approximately 60 kg of soil can be mixed at one time.

2.2.2 Targets
The primary target used in these experiments was single-conductor stranded insulated
wire. The wire used was 16 AWG, polyvinylchloride (PVC) insulated wire rated for up to
600 VAC operation per UL 1015. This is a wire type that is commonly used in electronic
and electrical equipment for both commercial and residential applications. The outer
diameter of the wire insulation is approximately 3 mm. A new section of this wire was
used for every shot, regardless of the outcome of the previous shot (i.e. hit or no-hit).

In order to separate the effect of the soil breakdown from the breakdown of the wire
insulation, some tests were conducted using uninsulated copper wire. This wire was
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chosen to be roughly the same outside diameter as the insulated wire so that same wire
placement fixture could be used. The same section of this wire was used for all
uninsulated wire shots. Inspection of the wire surface after numerous shots showed
that there is no damage caused by the discharge for this target.
2.2.3 Pulse Parameters
The parameters of the high voltage pulse generated by the Marx generator are the
primary independent variables of these experiments. The Marx generator can be
configured for a wide range of pulse parameters as described in section 2.1.1. While
each parameter can be controlled independently to some extent, there are significant
interactions between the parameters, along with limits of the discrete number of
configurations that place limits on the parameter space.
2.2.3.1 Output Voltage
The output voltage of the Marx is adjusted by changing the number of stages and/or the
charging voltage. The nominal output voltage of the Marx generator is equal to the
charging voltage times the number of stages. The actual peak output voltage of the
Marx is affected by the losses in the Marx generator, which decrease the actual voltage,
and by the interaction with the apparent resistance and capacitance due to the cables,
voltage probe, emitters, and soil, which can have a complex effect on the voltage. In
general, as the resistance of the soil decreases, the output voltage will decrease due to
the increased drop across the internal impedance of the Marx generator. If the ground
resistance is very high (e.g. for the dry sand), the interaction between the emitter
capacitance and the Marx capacitance and inductance will create an oscillating circuit
and the actual peak output voltage will be higher than the nominal voltage.

Figure 22 is a plot of the measured output voltage from two shots with dry sand in the
soil box for configurations with identical stored energy but different nominal output
voltage. The waveform with the higher peak voltage was obtained from a 12s6c
configuration at a charge voltage of 15.8 kV. This from this, we can calculate the stored
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energy as 5 J, the nominal output voltage as 190 kV, and the erected Marx capacitance
as 280 pF. The lower peak voltage waveform was obtained from a 9s6c configuration at
a charge voltage of 18.2 kV giving a stored energy of 5 J, a nominal output voltage of
164 kV, and an erected capacitance of 373 pF. It can be seen from the plots that the
change in the number of stages necessary to change the output voltage for the same
stored energy introduces other effects in the waveforms. First, the actual difference in
the peak voltage is only approximately 10 kV – not the 26 kV predicted by the difference
in nominal voltage. This is due to interaction of the smaller erected capacitance for the
higher voltage configuration with the capacitance of the cables, voltage probe, and
emitters – which is unchanged between the two configurations.
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Figure 22 – Output voltage waveforms for shots 206 (red) and 229
(blue), conducted in dry sand, showing the difference in output
voltage for two shots configured for identical energy and different
nominal output voltage. Shot 206 was the 12s6c configuration
charged to 15.8 kV for a stored energy of 5 J and nominal output
voltage of 190 kV. Shot 229 was the 9s6c configuration charged to
18.2 kV for a stored energy of 5 J and a nominal output voltage of
164 kV. The waveforms have been low-pass filtered at 10 MHz. Note
that the difference in peak voltage is only approximately 10 kV,
despite the 26 kV difference in nominal voltage. This is due to the
interaction of the Marx capacitance (which differs for the two
configurations) with the capacitance of the soil and voltage probe.

This effect can be better understood by considering the simplified schematic of Figure
23. The erected capacitance of the Marx generator is represented by the capacitor C Marx,
which is initially charged to the nominal output voltage. When the switch closes, current
flows from CMarx through the parasitic resistance and inductance of the Marx and the
emitter leads, represented by RMarx and LMarx into the RSoil and CSoil, which represent the
lumped resistance and capacitance between the emitters. Thus, the entire circuit
becomes an LRC circuit with a resonant frequency determined by the values of C Marx,
LMarx, and CSoil. Energy is dissipated from this circuit by RMarx and RSoil. In the case where
RSoil is very high, the voltage behavior at the emitters is primarily determined by the
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ratio of CMarx to CSoil. In the limiting case of a very large ratio, the voltage across Csoil,
which is the emitter-to-emitter voltage, will be double the nominal Marx voltage at the
first peak of the oscillation. As the ratio decreases, the peak voltage will decrease.

Figure 23 – Simplified schematic of Marx generator and the
equivalent circuit for the emitters and soil.

The end result of this effect is that the peak voltages for a given configuration and
charge voltage could only be determined through measurements of the voltages for
shots into the soil with no target wire present. For a given configuration, shots were
performed at several different charge voltages spanning the normal operating range.
The measured peak voltage was recorded and used to determine the coefficients of a
linear fitting function for the peak output voltage as a function of charge voltage for that
configuration. This was done for all of the configurations that were used. These
functions could then be used to predict the peak output voltage for a given charge
voltage and configuration with an accuracy of approximately 1%.
2.2.3.2 Stored Energy
The stored energy of the Marx is the primary factor that will affect the power
requirement of an operational LP-HVE system. As such, the energy is an important
variable in these experiments. The stored energy can be adjusted by changing the
number of stages, the number of capacitors per stage, and the charge voltage. Because
the energy is a function of the square of the charge voltage, but is only linearly
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proportional to the number of capacitors or stages, the method of changing the energy
often seems counter-intuitive. For example, at a nominal output voltage of 240 kV, a
12s6c configuration has 8 J of stored energy, while a 10s6c configuration has 9.7 J of
stored energy by virtue of the higher charge voltage made necessary by the lower
number of stages. The actual situation was further complicated by the fact, described in
the previous section, that the relationship between the actual peak output voltage and
the nominal voltage was not a simple one. Figure 24 shows the output voltage
waveforms for two shots and illustrates how the peak voltage can be the same for two
configurations with different energies and nominal output voltages. It also illustrates
how additional energy results in the output voltage staying higher longer.
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Figure 24 – Voltage plots for shots 653 (red) and 699 (blue) with a 10
MHz low-pass filtering applied. Both shots show a peak voltage of
245 kV. Shot 653 was a 12s4c configuration at 18.2 kV charge giving
4.5 J and 218 kV nominal. Shot 699 was 12s6c at 16.6 kV charge for
5.5 J and 199 kV nominal. This illustrates how the configuration and
the stored energy affect the output voltage waveform.
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2.2.3.3 Polarity
The electrical breakdown limits and behavior of a material often exhibit polarity
dependent effects – particularly in situations with non-uniform electric field
configurations [8]. In the case of these experiments (and most if not all possible
operational situations) the electric field distribution between the emitters and target is
very non-uniform. Thus, it is to be expected that polarity dependences will exist. For the
purposes of our experiments, polarity is defined as the polarity of the voltage applied to
the HV emitter block with respect to the system ground (which is tied to earth ground).
The design of the reconfigurable Marx generator is such that changing the polarity is
accomplished by simply reversing the connection of the leads from the high voltage
power supplies and inverting the polarity of the trigger driver. Testing showed that the
Marx operation, including peak output voltage for no-target shots was identical
between the two polarities. Figure 25 shows the voltage waveforms for two no-target
shots taken with all parameters the same except for the output polarity illustrating the
excellent match between the output for positive and negative polarities.
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Figure 25 – Plots of the output voltage for two shots with opposite
output polarity. Shot 262 (red) was taken with the 12s6c
configuration and a charge voltage of 20 kV and no target wire. Shot
925 (blue) was configured identically except for the negative output
polarity. The waveforms have been low-pass filtered at 10 MHz.

2.3 Experimental Procedure
2.3.1 Target Setup
Once the parameters for a particular run are decided on, the target wire is installed in
the soil box at the appropriate depth by removing some of the soil and running the wire
between the cable glands on the sides of the soil box as shown in Figure 9. The soil is
then filled in over the target wire, taking care to avoid moving the wire from its position.
The soil surface is prepared with a purpose-built tool that smooths the surface at a
consistent level within the box. The emitter blocks are then put in place using an
alignment tool as shown in Figure 26. Finally, the lead wires are connected to the
emitter blocks and the target current loop clips are connected to the ends of the target
wire outside of the box.
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2.3.2 System Setup
After the target wire has been installed in the soil box, the Marx generator and auxiliary
systems are readied for conducting experimental shots. This involves removing the
safety shorting wires from the Marx generator, installing the battery for the trigger
system, energizing the power supply rack, readying the oscilloscope, and energizing the
spark gap gas system. Once these steps are complete, the control and data collection
application is pulled up and the system is ready for experimental runs.

Figure 26 – Photograph of procedure for placing emitter blocks in soil
box. Marks (not visible) on the alignment tool indicate the correct
position for the block. Marks on the box guide placement of the
alignment tool.

2.3.3 Test Shot Sequence
The following procedure is followed to execute a single experimental shot:
1. Verify connection of target current loop to target wire.
2. Verify connection of Marx generator leads to emitter blocks.
3. Verify operation of data collection by refreshing data in control application.
4. Input appropriate parameters for the current setup into the data collection area
of the control application.
5. Choose charge voltage and enter value in control application.
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6. Set the spark gap pressure to the appropriate value for the charge voltage and
verify that the pressure rises to the correct value.
7. Verify all personnel are clear of high voltage hazard area.
8. Set relays to charge mode.
9. Initiate charging ramp. Verify voltage rise and current are appropriate.
10. Wait for charge voltage to reach setpoint.
11. Trigger Marx generator.
12. Refresh data from oscilloscope and ambient condition sensor
13. Verify that the data looks correct.
14. Enter comments as necessary in the comment box of the application.
15. Select a folder and save the shot data.
16. Verify that the voltage has decreased to a safe level.
17. Disconnect the target current loop from the target wire and pull the target wire
through the soil box until a new section is in place.
18. Reconnect the target current loop and prepare for the next shot.
2.3.4 Data Collection
One data file is generated for each test shot. These files are collected in folders for each
day of testing. Copies of the files are also organized in groups of shots performed with
the same values of all of the variables. Once a particular test sequence is completed, a
separate LabVIEW program is used to generate a summary spreadsheet for those shots.
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CHAPTER 3
BREAKDOWN EXPERIMENT RESULTS
3.1 Data for Dry Sand
The majority of experimental data was collected in dry sand. This material was
described in section 2.2.1.1. The following sections summarize the findings for the
experiments run in this soil type.
3.1.1 Insulated Target Wires in Dry Sand
The insulated target wires, described in detail in section 2.2.2, were the primary target
type of these experiments. Approximately 800 shots were conducted with this target
type in the dry sand material. The experiments primarily focused on finding the
minimums of voltage and energy that produced reliable breakdown to the target wire.
During the course of these experiments, some interesting phenomena were observed.
In general, it was relatively easy to reliably achieve breakdown to the insulated wire in
the dry sand. It was also observed that the differences between the electrical signals for
shots that produced a breakdown and those that did not were significantly different –
thus suggesting easy implementation of a hit detection system. The following sections
discuss the observations made during these experiments.
3.1.1.1 Electrical Signals for Insulated Target Shots in Dry Sand
For each shot against a target, three electrical signals were recorded using the sensors
described in section 2.1.3.1. These were the output voltage measured at the high
voltage emitter, the emitter current measured in the lead from the return emitter, and
the target current measured via the current monitor on the target current loop. The first
two signals were selected because they are signals that would be measurable in an
operational LP-HVE system, while the third signal was used to verify that current was
actually flowing in the target wire, as opposed to some other discharge path.

39

The signals collected for the shots against the insulated wire targets in the dry sand can
be used to divide the shots into three distinct categories. These have been termed nohit, fast hit, and slow hit shots. While it was expected that two distinct categories (hits
and no-hits) would exist, the presence of two distinct types of “hits” was unexpected.

Output voltage and emitter current waveforms typical of a no-hit shot are shown in
Figure 27. The voltage (red trace) is essentially the same as the no-target voltage traces
like those shown previously. The current (blue trace) remains nearly zero, as expected
due to the very high resistance of the dry sand. The high frequency oscillation in the
current trace at the beginning of the pulse is due to the “ringing” of various parasitic
capacitances in the Marx as well as the electromagnetic noise generated by the spark
gaps. The beginning of the voltage pulse is delayed slightly with respect to the beginning
of the current pulse due to the slower response time of the voltage probe with respect
to the CVR. While these signals represent a no-hit shot, there is a slight difference
between this shot and shots conducted without targets. Looking closely reveals a small
spike in the current trace between the 2.75 μs and 3 μs time divisions. It also appears
that the voltage trace changes slightly at this point. It is thought that this represents a
partially-completed discharge to the target wire. This type of signal is never seen in
shots without target wires. Unfortunately, the magnitude of this is very near the noise
floor of the measurement, and as such would not make a good detection signal.
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Figure 27 – Plot of the output voltage (red) and emitter current
(blue) from shot 662 - a typical no-hit shot. Target was insulated wire
at 5 cm. Marx was configured as 12s4c and charged to 17.4 kV giving
a nominal output of 209 kV and a stored energy of 4 J. The
waveforms have been low-pass filtered at 100 MHz. Note that the
only signal in the current trace is the high frequency noise associated
with the beginning of the voltage pulse.
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The output voltage and emitter current waveforms for a typical fast hit shot are shown
in Figure 28. The voltage trace starts out the same as the no-hit case, but quickly begins
to drop once the breakdown occurs. The completion of the breakdown is marked by the
sharp rise in the current waveform. The current waveform oscillates due to the
oscillations present in the voltage, which are the same oscillations present in the no-hit
and no-target shots. The overall shape of the breakdown current pulse, neglecting the
component caused by the voltage oscillation, is itself a strongly damped oscillation of
lower frequency. This oscillation only makes one and a half cycles before it is completely
damped. This strong damping points to a large energy loss from the discharge into the
sand. This is not surprising given that sand is used to fill high voltage power distribution
fuses to help extinguish the arc that occurs when the fuse blows. The time between the
beginning of the pulse and the initial rise of the current in the breakdown event is the
formation time of the breakdown, also referred to as the breakdown delay time. In
general, this time was found to be a function of target depth and voltage. Further
discussion of this effect is provided in section 3.1.1.2.
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Figure 28 – Plot of the output voltage (red) and emitter current
(blue) for shot number 664 - a typical fast hit shot. Target was
insulated wire at 5 cm. Marx was configured as 12s4c and charged to
17.4 kV giving a nominal output of 209 kV and a stored energy of 4 J.
The waveforms have been low-pass filtered at 100 MHz. Note that
the current jumps rapidly and the voltage simultaneously falls zero
with a slight reversal.
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The output voltage and emitter current waveforms for a typical slow hit shot are shown
in Figure 29. Both the voltage and current waveforms start out the same as the no-hit
case. After a delay that is much greater than the fast hit case, the breakdown occurs as
indicated by the rise in current and drop in voltage starting between 3.25 and 3.5 μs.
However, the discharge current rises much more slowly and to a much lower magnitude
than in the fast hit case. Further differentiating the slow hit case is the fact that the
discharge current decays back to zero before the output voltage returns to zero. Once
the discharge current returns to zero, the output voltage curve decay rate returns to
that of the no-hit case. This type of hit was not expected. The target loop current signal
confirms that the emitter current is flowing through the target wire, thus it is a true
“hit”. Furthermore, open shutter photographs show that there is a light-producing
discharge from the bottom of each emitter block during this type of hit. Slow hits are
generally seen whenever the shot parameters are near the point where one begins to
see no-hits. In general, as the pulse parameters are decreased from a level where all the
shots are fast hits, one first encounters a region of parameters where there are a
mixture of fast hits and slow hits, then a region of parameters where all of the hits are
slow hits and there may be some misses, and finally, a threshold below which there are
no hits. In a sequence of shots that included both fast and slow hits, the distribution of
fast and slow hits with respect to the shot number in the sequence was random.
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Figure 29 – Plot of the output voltage (red) and emitter current
(blue) for shot number 668 - a typical slow hit shot. Target was
insulated wire at 5 cm. Marx was configured as 12s4c and charged to
17.4 kV giving a nominal output of 209 kV and a stored energy of 4 J.
The waveforms have been low-pass filtered at 100 MHz. Note that
there is only a small current hump and that it occurs much later in
time. Also note that the output voltage does not discharge to zero
immediately.

3.1.1.2 Effects of Varying Voltage
Experiments were conducted to provide some insight into the relationship between
pulse voltage and the ability to initiate breakdown to the insulated target wire. As
expected, increasing voltage improves the probability of breakdown to an insulated
target wire. An example of this correlation can be seen in results obtained from three
different sets of shots performed with a stored energy of 5 J and three different output
voltages shown in Table 1.
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Table 1 – Summary of data from three sequences of shots at various
voltages and equal stored energy.
Shot

Target

Numbers

Depth

525 – 534

5 cm

700 – 709
720 – 729

Configuration

Nominal

Peak

Stored

Total Hit

Fast Hit

Voltage

Voltage

Energy

Percentage

Percentage

12s4c

233 kV

252 kV

5J

100 %

100 %

5 cm

12s6c

190 kV

233 kV

5J

90 %

0%

5 cm

9s6c

164 kV

221 kV

5J

40 %

0%

From this data, one can see that the output voltage can have a very strong effect on the
hit percentage, particularly the percentage of fast hits. The parameters of shots 700
through 709, were investigated in a number of additional shots since they seemed to
represent a borderline case of effectiveness. When considering these shots as well, the
total hit percentage drops to 79% and the fast hit percentage goes up to 14%.

Increasing the voltage also has the effect of increasing the number of fast hits and
reducing the breakdown delay time. This effect can be observed in the plots of the
emitter current presented for two different groups of shots shown in Figure 30. The first
set of plots is for the sequence of shots from shot 1033 to shot 1042. These shots were
performed with a target wire depth of 10 cm, a 10s6c configuration, and a charge
voltage of 24 kV with a negative output polarity. This configuration gives a nominal
output voltage of 240 kV, a peak output voltage of approximately 316 kV, and a stored
energy of 9.7 J. There were 6 hits out of 10 shots, and only 3 of the hits were fast hits.
The average delay time for the fast hits was 696 ns. The second set of plots is for shots
990 through 1002. These shots were performed with a target wire depth of 10 cm, a
12s6c configuration, and a charge voltage of 22.2 kV with a negative output polarity.
This configuration gives a nominal output voltage of 266 kV, a peak output voltage of
approximately 333 kV, and a stored energy of 9.9 J. There were 12 hits out of 12 shots,
and 6 of the hits were fast hits. The average delay time for the fast hits was 540 ns.
These results are typical and show that higher voltages can be used in dry sand to drive
down the delay time, and thus minimize energy requirements.
46

Figure 30 – Plots of the emitter current for two groups of shots at 10
cm depth in dry sand. Upper plot shows shots 1033 – 1042 at 240 kV
nominal output voltage. Lower plot shows shots 990 – 1002 at 266
kV nominal output voltage. Both sets were performed with negative
polarity and the energy is approximately 10 J for both. Note that
there are many more fast hits for the second, higher voltage set, and
that the fast hits occur earlier in time.
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3.1.1.3 Effects of Varying Energy
Experiments were carried out to examine the effect of the Marx stored energy on the
ability to initiate breakdown to a buried insulated target wire. The results generally
agree with the theory that additional energy increases the hit percentage when the
voltage of the pulse is close to the minimum necessary for breakdown. The additional
breakdowns that occur due to this effect are inevitably slow hits. However, due to the
influence of the Marx capacitance on the peak output voltage as described in section
2.2.3.1, along with the quadratic relationship between voltage and energy, it is not
straight-forward to separate the effect of voltage from that of energy.
3.1.1.4 Hit Percentages
The large number of data points collected make interpreting the raw data difficult.
Plotting the hit percentage as a function of the experimental parameters provides a way
to visualize the relative importance of these parameters on the goal of achieving reliable
breakdown to the target wire. Thus, an application was developed in LabVIEW to
accumulate a large number of data files into a three-dimensional plot of the hit
percentage as a function of voltage and energy. It is possible to select either the
nominal voltage or the peak voltage (as calculated per the description in section 2.2.3.1)
as the voltage parameter. It is also possible to exclude the slow hits so that the hit
percentage reflects only the fast hits.

The data for the insulated target wires at 5 cm depth in the dry sand is shown in Figure
31 through Figure 35. The data for insulated target wires at 10 cm depth in dry sand is
shown in Figure 36 through Figure 38.
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Figure 31 – Plot of total hit percentage (including both fast and slow
hits) for insulated wire targets in dry sand at a depth of 5 cm and
positive polarity as a function of nominal output voltage and energy.
Note that the hit percentage appears to be primarily dependent on
voltage.

Figure 32 – This is the same data as Figure 31 plotted as a function of
energy and peak voltage instead of nominal voltage. Note that the
correlation between voltage and hit percentage is not as clear when
peak voltage is used.
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Figure 33 – Plot of fast hit percentage for insulated wire target in dry
sand at a depth of 5 cm and positive polarity as a function of nominal
output voltage and energy. Note that by counting only fast hits, the
effect of voltage becomes even more pronounced.

Figure 34 – Total hit percentage for insulated wire targets in dry sand
at a depth of 5 cm and negative polarity as a function of nominal
output voltage and energy. The positive polarity probabilities are
plotted as transparent points for comparison.
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Figure 35 – Plot of both negative and positive polarity hit
percentages with 5 cm target depth in dry sand considering only the
fast hits. The negative polarity greatly improves the chances of
achieving a fast hit at the lower energy and voltage levels. Note also
that a dependence on energy also begins to appear.

Figure 36 – Plot of total hit percentage for insulated wire targets in
dry sand at a depth of 10 cm and positive polarity as a function of
nominal output voltage and energy. Probabilities show both a
voltage and energy dependence.

51

Figure 37 – Plot of fast hit percentage for insulated wire targets in
dry sand at a depth of 10 cm and positive polarity as a function of
nominal output voltage and energy. Note that very few hits were
fast hits at 10 cm.

Figure 38 – Plot of the total hit percentage at 10 cm with the
negative polarity. The positive polarity data points are included in
transparent form for comparison. The negative polarity significantly
reduces the voltage and energy requirements for reliable
breakdown.
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3.1.2 Uninsulated Target Wires in Dry Sand
A number of tests were conducted in the dry sand with a target wire that did not have
any insulation. This was done to determine separate the effect of target wire insulation
on the breakdown from the effect of the soil and burial depth. The target used for these
experiments is described in section 2.2.2.

The results of these experiments showed that the voltage and energy required to
breakdown to an uninsulated target are significantly less than for an insulated wire. At 5
cm depth, 100% hits were achieved with a nominal output voltage of 128 kV and a
stored energy of 3 J. These represent the minimum usable parameters of the
reconfigurable Marx generator. At 10 cm and 15 cm target depths, it was found that
there was a fairly well-defined cut-off voltage below which there is no breakdown and
above which the breakdown percentage rapidly approached 100%. This can be seen in
the plots given in Figure 39 and Figure 40. The results suggest that the average electric
field necessary to initiate breakdown in dry sand given the geometry of the emitters and
target used is approximately 20 kV/cm. Note that this is value is based on the nominal
output voltage of the Marx, not the actual peak or the voltage at the moment of
breakdown and it can only be used as a point of comparison with the other experiments
in this setup.
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Figure 39 – Plot of total hit percentage for uninsulated wire targets in
dry sand at a depth of 10 cm and positive polarity as a function of
nominal output voltage and energy. Note very fast increase in hit
percentage at around 190 kV nominal voltage.

Figure 40 – Plot of total hit percentage for uninsulated wire targets in
dry sand at a depth of 15 cm and positive polarity as a function of
nominal output voltage and energy. Note very fast increase in hit
percentage at around 300 kV nominal voltage.
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All breakdowns to the uninsulated wire target were qualitatively the same as the fast
hits described in section 3.1.1.1. No slow hits were observed for the uninsulated wire,
leading to the conclusion that the slow hit phenomena is in some way related to the
target wire insulation. Voltage and current waveforms for a typical hit on the
uninsulated target wire are shown in Figure 41

Figure 41 – Plot of the output voltage (red) and emitter current
(blue) for shot number 824 - a typical hit on the uninsulated target at
10 cm depth. Marx was configured as 12s6c and charged to 17 kV
giving a nominal output of 204 kV and a stored energy of 5.8 J. The
waveforms have been low-pass filtered at 100 MHz. Note that this is
very similar to a typical fast hit against the insulated target wire.
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3.2 Data for Adobe Soil
Experiments were also conducted using the adobe soil described in section 2.2.1.2. Thus
far, experiments have been conducted with this material at gravimetric moisture
contents of 5% and 3%. Due to the clay content of this soil, the conductivity is quite high
even at these low moisture contents. The high conductivity results in the apparent
resistance between the emitters being very low. Thus, a large current can flow through
the soil without a breakdown occurring. This current causes the output voltage of the
Marx generator to drop quickly. This effect can be seen in the plots in Figure 42.

Figure 42 – Output voltage plots for shots 915 (red) and 1162 (blue).
These shots were performed with identical configurations (12s6c),
charge voltages (16 kV), and no target wire. Shot 915 was taken with
the dry sand and shot 1162 was taken with the adobe soil at 5%
moisture. The waveforms have been low-pass filtered at 100 MHz.
The effect of the high conductivity soil is significant. The soil
conductivity was measured at 0.012 S/m.

The effective resistance of the soil between the emitters is less than 1 kΩ for the adobe
soil at 5% moisture. Careful examination of the data has also shown that the resistance
is somewhat voltage dependent – with the resistance decreasing at higher voltages. This
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effect has not yet been fully investigated, but further analysis and simulation are
ongoing.
3.2.1 Insulated Target Wires in Wet Adobe soil
Initially, it was thought that the higher conductivity of the wet adobe soil would reduce
the breakdown delay time sufficiently to compensate for the reduction in pulse length
caused by the current conduction through the soil. However, testing with an insulated
wire at 5 cm depth with both 5% and 3% water content soil (corresponding to
approximate conductivities of 0.012 and 0.004 S/m) has resulted in zero hits within the
voltage and energy limits of the reconfigurable Marx generator.

The PFN configuration of the Marx generator was implemented in order to determine if
trading some peak voltage for a longer pulse length would result in successful
breakdown in the more conductive soil. The difference in output voltage waveform
between the standard and PFN configurations is shown in Figure 43. The PFN
configuration was also not able to produce any hits against the insulated target wires
with the voltage and energy limits of the Marx generator.
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Figure 43 – Plot of the output voltage for shots 1162 (red) and 1240
(blue) into the adobe soil at 5% moisture. Shot 1162 was taken with
the standard Marx configuration. Shot 1240 was taken with the PFN
Marx configuration. The waveforms have been low-pass filtered at
100 MHz. Note how the PFN configuration trades peak voltage for a
longer duration pulse.
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3.2.2 Uninsulated Bare Target Wires in Wet Adobe Soil
Due to the lack of success initiating breakdown to the insulated target wires in the wet
adobe soil, it was decided that the uninsulated target would provide the best
opportunity to obtain information on the breakdown properties of this soil. The
uninsulated target, as described in section 2.2.2, was initially placed at the 5 cm depth.
A series of shots were taken with the same configuration of the Marx generator (12s6c,
negative polarity) at varying charge voltages to investigate the breakdown behavior. A
plot of the hit percentage verses the nominal voltage and the stored energy is provided
in Figure 44. The threshold voltage for 100% effectiveness was approximately 165 kV,
giving a nominal average field of 33 kV/cm; approximately 50% higher than the dry sand
case.

Figure 44 – Plot of total hit percentage for bare wire targets in 3%
moisture adobe soil at a depth of 5 cm and negative polarity as a
function of nominal output voltage and energy. Similarly to the bare
wire shots in dry sand, these show a relatively abrupt increase in hit
percentage with voltage. However, in dry sand at 5 cm depth, the
probability was 100% down to a voltage of 128 kV and 3 J of energy.

In addition to the issue of achieving breakdown in a higher conductivity soil, there was
also the concern that the evidence of a breakdown in the measurable electrical signals
would not be distinct enough to determine that a hit occurred. The tests with the
59

uninsulated wires provided evidence that the signals do differ significantly between a hit
and a no-hit shot. As with the shots in dry sand, the most obvious difference is apparent
in the emitter current waveforms. A comparison of a hit and a no-hit waveform from
this set of experiments is shown in Figure 45.

Figure 45 – Comparison plot of the emitter current for shot 1387
(blue) and shot 1388 (red). Both shots were taken with a 12s6c
configuration at a charge voltage of 13.4 kV. The target was an
uninsulated wire at 5 cm depth in the adobe soil with 3% moisture.
The waveforms have been low-pass filtered at 10 MHz. Note that the
breakdown current spike at approximately 1.3 μs is very distinct in
the waveform of shot 1387 when compared to shot 1388 which was
a no-hit.

3.2.3 Insulated Target Wires in Adobe Soil with Increased Energy
Due to the lack of success in achieving breakdown to the insulated target wires in the
wet adobe soil within the initial energy limit of the reconfigurable Marx generator, the
generator capacitors were replaced with units of approximately twice the rated
capacitance. This permitted increasing the stored energy of the Marx to approximately
25 J. The effect of the increased capacitance on the output voltage waveform can be
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seen in Figure 46. After completing characterization of this new configuration for the
no-target condition, shots were taken against insulated target wires in the adobe soil
with a moisture level of 3%. These experiments resulted in hits on the target wires at
depths of 5 cm. These hits were qualitatively all fast hits. The waveform of one of these
shots is shown in Figure 47. With the larger capacitors, achieving consistent hits against
the insulated target wire in the 3% water adobe soil required the Marx to be operated
at the highest possible charge voltage with a full complement of 12 stages. This gives a
nominal output voltage of 312 kV and a stored energy of 24.3 J. One interesting result
was that no slow hits were seen in these experiments. It is thought that, because the
voltage decays so quickly in the conductive soil, whatever process leads to the slow hit
phenomenon does not have time to occur.
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Figure 46 – Comparison of the output voltage for shot 1315 (blue)
and shot 1600 (red). Shot 1315 was taken with the original Marx
capacitors (560 pF) and shot 1600 with the larger capacitors (1000
pF). Both shots were performed in 3% moisture adobe soil with no
target wire, a 12s6c configuration, and a charge voltage of 16 kV.
Note that the peak voltage is higher and the voltage remains at a
higher level for much longer with the higher capacitance.
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Figure 47 – Plot of the output voltage (red) and emitter current
(blue) for shot number 1627 - a typical hit on the insulated target at
5 cm depth in the adobe soil with 3% moisture. Marx was configured
as 12s6c and charged to 26 kV giving a nominal output of 312 kV and
a stored energy of 24.3 J. Note the similarity to the fast hit shown in
Figure 28. However, the magnitude of the current peak is
significantly higher due to the increased voltage and energy.
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CHAPTER 4
DEVELOPMENT OF DETECTION CONCEPT
The ability to detect when a target hit occurs in real time is one of the key requirements
of the LP-HVE system. Without real-time detection of a hit, the concept of separately
triggering a second high-energy system only when necessary becomes impossible, thus
eliminating the prime power savings for which the LP-HVE system concept was
developed. The following sections describe the concepts for a detection system that has
been developed based on the experimental data described in the previous section.

4.1 Detection System Function
The function of the LP-HVE detection system is to generate a change in state of some
electrical signal whenever a pulse from the high voltage pulse source (nominally a Marx
generator), initiates a breakdown to a low impedance path in the ground beneath the
emitters. The detection system is not capable of determining the nature of this low
impedance path, only that it exists.

4.2 Detection System Characteristics
The detection system for the LP-HVE will be required to have certain characteristics in
order to perform its intended function.

The first, and perhaps most obvious, characteristic is that the detection system must be
able to generate a detection signal based on parameters that can be measured in real
time as part of the operation of the LP-HVE system. The signals that are potentially
available for this task are described in section 4.3.

The second characteristic is that the detection system must be capable of generating
the detection signal while the discharge from the Marx generator is still occurring so
that the high-energy defeat system can be triggered during that time and thus deliver
energy to the target through the conductive path created by the discharge. Given that
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the discharge event occurs over a time scale of 100’s of nanoseconds, the detection
system will be required to respond with a delay on the order of 10’s of nanoseconds in
order to have sufficient time available to trigger the defeat system.

The final characteristic driving the design of a detection system is that the false negative
rate is more important than the false positive rate. This can be deduced from
consideration of the relative severity of the consequences of false positive verses a false
negative. In the case where the detection system is used to trigger a high-energy
secondary system, a false positive will result in the unnecessary discharge of the
secondary system. This will lead to an increase in power consumption of the system.
Thus, a higher average false positive rate does lead to increased prime power
requirements and thus a reduction in the SWaP savings of the LP-HVE concept.
However, a false negative produces a situation where the full power of the system is not
used to neutralize a potential threat and the system operator is given no indication that
this has occurred – thus leaving the threat in place and undetected. In general, the false
positive and false negative rates are complementary and thus one can be traded for the
other in the design of the detection system, but they cannot be simultaneously
minimized.

4.3 Potential Detection Signal Sources
For the detection system to be able to generate a detection signal, it must sense a
parameter of the system that changes between a no-hit and a target-hit shot. The ideal
parameter would provide a very large change between the two cases and this change
would be evident immediately upon the start of the breakdown to the target. It is also
desirable that the parameter exhibit minimal shot to shot change due to environmental
effects and/or noise when there is no target present. Finally, the effort in measuring the
parameter must be reasonable given the configuration of the system. The following
sections describe the parameters that offer the most promise for use as the basis of a
detection system.
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4.3.1 Emitter Voltage
When a breakdown to a target wire occurs, the output voltage of the Marx drops due to
the rapid decrease in impedance between the emitters. This is due both to the voltage
drop across the internal impedance of the Marx as well as the rapid discharge of the
Marx capacitors. This voltage drop is easily observed in the voltage waveforms as
illustrated in Figure 48 and Figure 49. The voltage drop is much more rapid and
complete for the case of fast hits. However, slow hits also produce a sizeable change in
the voltage waveform.

Figure 48 – Plot of the output voltage for shots 500 through 508, of
which 5 were no-hits (blue traces) and 4 were fast hits (red traces).
This series of shots was made with a 12s4c configuration charged to
25.8 kV for a stored energy of 9 J and a nominal voltage of 310 kV.
The target wire was set at 10 cm depth in dry sand. The signals have
been low pass filtered at 10 MHz. Note the consistent behavior of
the no-hit waveforms and the distinct difference for the fast hit
waveforms.
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Figure 49 – Plot of the output voltage for shots 720 through 729, of
which 6 were no-hits (blue traces) and 4 were slow hits (red traces).
This series of shots was made with a 9s6c configuration charged to
18.2 kV for a stored energy of 5 J and a nominal voltage of 164 kV.
The target wire was set at 5 cm depth in dry sand. The signals have
been low pass filtered at 10 MHz. While the difference in voltage
waveforms is not as dramatic as it is for the fast hit case, there is still
a distinct change in the waveforms.

Because of the high voltages involved, the voltage signal is relatively difficult to measure
directly using a compact sensor. As an example, the voltage probe used in the Phase 1
experiments is approximately 1 meter tall and is a relatively delicate instrument (see
Figure 14). The output voltage can be sensed through the electric field generated by the
voltage using relatively compact sensors. The only disadvantage of such sensors is their
increased susceptibility to electromagnetic interference. However, this can be mitigated
through good design practices.
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In order to exploit the voltage signal as a means of detection, the detection system
would be required to compare the voltage signal for each pulse against the expected
signal for a no-target discharge. While digital signal processing systems are capable of
comparing waveforms with high accuracy, the need to make the comparison in real time
on a sub-microsecond time scale precludes the use of such systems. A fast comparison
system could be accomplished by performing an analog difference measurement
between the actual voltage signal and a reference signal produced by an arbitrary
waveform generator. The reference signal would be an average of several no-target
calibration shots acquired under the prevailing conditions in which the system was
operating. During each operational shot, the actual signal would be subtracted from the
reference signal in real time and the difference would be compared with a threshold by
a high speed logic circuit. If the difference exceeded the threshold, the system would
generate a signal indicating that a hit was occurring. The primary difficulty with such a
system is the need for high accuracy in the timing of the reference signal relative to the
measured signal. Because both the reference and measured signals are changing rapidly
in time, any timing offset will introduce correspondingly large differences in amplitude
between the two signals which could lead to false positive detection events.
4.3.2 Emitter Current
The rapid drop in impedance between the emitters that occurs due to the breakdown to
a target results in a rapid rise in the current flow between the emitters. This is due to
the voltage source characteristic of a Marx generator. This current takes the form of a
pulse, the magnitude and length of which is determined by the impedance of the target
and discharge path, and the remaining charge in the Marx generator. The difference in
the current waveform between discharges that produce hits and those that do not is
very distinct as shown in Figure 50 and Figure 51.

Using the emitter current as a means to generate a detection signal is conceptually
simpler than the case of using the voltage waveform. This is due to the fact that, at least
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of low conductivity soils, the no-target emitter current signal is very nearly zero once
the high frequency noise is filtered out. This permits the use of a simpler threshold
detector to determine when a hit occurs. A conceptual detection circuit design based on
using the emitter current signal is described in section 4.4.

Figure 50 – Plot of the Marx current for shots 500 through 508, of
which 5 were no-hits (blue traces) and 4 were fast hits (red traces).
This series of shots was made with a 12s4c configuration charged to
25.8 kV for a stored energy of 9 J and a nominal voltage of 310 kV.
The target wire was set at 10 cm depth in dry sand. The signals have
been low pass filtered at 10 MHz. Note the very high magnitude of
the current spikes evident in the 4 fast hit shots.
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Figure 51 – Plot of the emitter voltage for shots 720 through 729, of
which 6 were no-hits (blue traces) and 4 were slow hits (red traces).
This series of shots was made with a 9s6c configuration charged to
18.2 kV for a stored energy of 5 J and a nominal voltage of 164 kV.
The target wire was set at 5 cm depth in dry sand. The signals have
been low pass filtered at 10 MHz. The slow hits show much less
signal to noise ratio than the fast hits but there is still a significant
difference between a miss and a slow hit.

4.4 Detection Circuit Concept
A basic concept for a simple detection circuit has been developed based on using the
emitter current signal for hit detection. The fundamental function of the circuit is to
compare a filtered and scaled version of the emitter current signal with a reference level
in order to quickly detect the current pulse that occurs whenever a shot produces a
breakdown to a conductive target. The circuit is an analog circuit with a minimum of
components in order to reduce the delay time between the onset of the hit and the
generation of the detection signal.
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A simulation of the detection circuit concept was performed using the LTspice circuit
simulation program. The circuit diagram used in the simulations is shown in Figure 52.
Emitter current data from actual shots was used as input signals for the simulations.
Plots generated by the simulations are shown in Figure 53 and Figure 54. It can be seen
from these plots that the detection circuit responds quickly to the breakdown event.
The primary source of delay is the delay associated with the passive 10 MHz low pass
filter. This delay is most apparent in the fast hit simulation shown in Figure 54. This filter
frequency was chosen to minimize the ringing associated with the beginning of the
current pulse. Increasing the filter frequency will reduce the delay at the expense of
requiring that the threshold level be raised.

While the simulations performed thus far have been performed using a fixed threshold,
it will likely be necessary to implement the actual detection system with some type of
adaptive threshold. On long time scales (10’s of seconds to minutes) the system will
adjust the threshold level based on the emitter current signals averaged over a large
number of no-hit shots.

Figure 52 – Simulation circuit diagram of a conceptual detection
system. The emitter current waveform is recreated by source
I_Sensor and is scaled and converted to a voltage by R1, R2, and E1.
After passing through the cable and passive low pass filter, the signal
is compared to the threshold level by comparator U1. When the
signal exceeds the threshold, the output of U1 changes state and
triggers U2 to provide a logic-level pulse. This pulse is the detection
signal, which may then be used as desired.
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Figure 53 – Simulation of detection circuit response to a slow hit. The
emitter current data for this simulation was obtained from shot 726,
which was taken with an insulated target wire at a depth of 5 cm in
dry sand. The gray trace is the emitter current signal after scaling.
The filtered signal (blue trace) is compared to the threshold (red
line). Note that when the filtered signal crosses the threshold, the
detection signal transitions from low to high within a few
nanoseconds.
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Figure 54 – Simulation of detection circuit response to a fast hit. The
emitter current data for this simulation was obtained from shot 500,
which was taken with an insulated target wire at a depth of 10 cm in
dry sand. The gray trace is the emitter current signal after scaling.
The filtered signal (blue trace) is compared to the threshold (red
line). Note that there is a large range over which the threshold could
be set while still providing a positive detection.
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CHAPTER 5
CONCLUSIONS
5.1 Effects of Pulse Parameters
Based on the extensive data collected with the target in dry sand, some conclusions can
be drawn about the effects of various pulse parameters on the effectiveness of the
system in achieving breakdown to a buried target. The first conclusion is that the
effectiveness in a low conductivity (i.e. dry) soil is primarily dependent on voltage. Very
clear thresholds were observed when comparing the percentage of hits as a function of
nominal Marx voltage. There is a smaller dependence on energy, which is primarily seen
when the voltage is close to the threshold for producing consistent hits. This behavior is
expected since it is well known that the breakdown delay is inversely proportional to
some function of the overvoltage [4]. Thus, at higher voltages, the delay is shorter and
the voltage does not have to be maintained for as long.

For the dry sand (and in preliminary testing of the adobe soil at 0% moisture) it was
found that a nominal voltage of approximately 190 kV at an energy of 5 J and a negative
high voltage emitter polarity was necessary to produce a hit percentage of greater than
95% for the insulated target wire at 5 cm depth in dry sand. The corresponding
parameters for a 10 cm depth target are approximately 270 kV and 10 J.

Near these thresholds, the hits tend to be a mixture of fast and slow hits for both
depths. The percentage of hits that are fast hits is greatly increased by increasing the
voltage above these thresholds by at least 10%. Fast hits are generally more desirable
because they are easier to detect and occur earlier in the pulse.

5.2 Effects of Soil Conductivity
The results obtained in the wet adobe soil demonstrated a strong negative effect of high
soil conductivity on the effectiveness of the LP-HVE concept. The source of this effect is
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sharp reduction in pulse length and voltage due to the large current that flows through
the conductive soil between the emitters. The conductivity of the soil creates an effect
equivalent to a low resistance load resistor between the emitters. The resistance of this
load is inversely proportional to the soil conductivity and the distance between the
emitters. Increasing the distance between emitters to increase this resistance is not
desirable because it increases the probability that one of the emitters will not pass over
the target.

Through circuit simulation and testing, it was found that the soil conductivity is the only
significant effect of the moisture on the pulse. A very slight change in capacitance of the
soil was noted at the higher moisture levels due to the increased dielectric constant of
the soil/water mixture over that of dry soil. This effect does not significantly affect the
voltage or duration of the pulse.

At the tested soil conductivities of approximately 0.012 S/m and 0.004 S/m, it was not
possible to achieve breakdown to the insulated target wire within the initial voltage and
energy limits of the reconfigurable Marx generator (312 kV and 13.6 J). The conductivity
of the soil causes the voltage pulse to reduce in length from several microseconds to
less than 100 nanoseconds. The current flow through the conductive soil also leads to
an increased voltage drop across the internal impedance of the Marx, which reduces the
voltage applied to the emitters.

After increasing the capacitance, and thus energy capability of the reconfigurable Marx,
experiments confirmed that it is possible to achieve reliable hits to the insulated target
wire at a depth of 5 cm in the adobe soil with a water content of 3% (approximate
conductivity 0.004 S/m). Achieving reliable hits required a nominal voltage of 312 kV
and a stored energy of 24.3 J. One interesting result observed during these shots was
that all of the hits were of the “fast” type and the breakdown delay was very short. This
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leads to the thought that it may be possible to improve the performance of the system
by using higher voltages than are possible with the current experimental configuration.

5.3 Detection
The problem of detecting when a discharge to a conductive target occurs seems to be
readily solvable using relatively simple available technology. Simulations of detection
circuits using waveforms obtained from actual test shots have shown that a simple
detection circuit can be constructed that will provide a fast detection signal.
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APPENDIX A
Sample Shot Data Record
LP-HVE Shot Record
Date: 3/15/2016
Time: 1:39 PM
Shot No: 1000
Target Hit? True
Comments:
Target Info:
Depth: 10 cm
Type: 16 AWG Wire
Ambient Conditions:
Pressure (Torr): 634
Temperature (C): 24.8
Humidity (%): 10.1
Soil Moisture (%): 0.000
Soil Conductivity (dS/m): 0.000
Shot Parameters:
Gap Pressure (Torr): 1206
Charge Voltage (kV): 22.2
Number of Stages: 12
Number of Caps Per Stage: 6
Output Voltage (kV): 266
Output Energy (J): 9.94
Data:
Time
0.000000E+0
1.000000E-9
2.000000E-9
3.000000E-9
4.000000E-9
5.000000E-9
6.000000E-9
7.000000E-9
8.000000E-9
9.000000E-9
1.000000E-8
1.100000E-8
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Waveform 4
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